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The coastline of the Maddalena peninsula (south-eastern Sicily, Italy) is characterised by the occurrence of
a boulder ﬁeld associated to an extended soil stripping area and by a gravel/sandy berm. The accumulation of
the boulders has been mostly correlated to the impact of the December 28, 1908 tsunami wave. The use of
Terrestrial Laser Scanner survey techniques, associated to Differential Global Position System determinations,
permits to obtain new data for the assessment of tsunami impact on this coastal area. The computing of the
surveyed data using the most recent equations is a useful tool in order to estimate the theoretic inundation limit
and to reconstruct its variability in function of the boulders size and of the coastal topography. Moreover, the
entire new data set allows to conﬁrm that the hypothesis of the tsunami impact is the most reasonable to explain
the occurrence of boulders weighing up to 50 tons on the Maddalena peninsula.
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1. Introduction
One of the most impressive evidence of extreme wave
impact on the rocky coasts is represented by the presence
of mega-boulders, sparse or accumulated in ﬁeld or berms
(Mastronuzzi and Sanso`, 2000, 2004; Williams and Hall,
2004; Hall et al., 2006, 2008; Scheffers and Scheffers,
2006; Mastronuzzi et al., 2007; Scicchitano et al., 2007;
Goto et al., 2009a, b, 2010a). The post-event surveys per-
formed after the impact of the Indian Ocean Tsunami (IOT),
occurred on December 26, 2004, have permitted to recog-
nise morphological/sedimentological effects of its impact
and, in the same time, to extend all obtained results on
coastal sectors where similar evidences were recognised
(e.g. Szczuciski et al., 2005; Kelletat et al., 2006, 2007;
Lavigne et al., 2006; Richmond et al., 2006; Paris et al.,
2007, 2009, 2010; Srinivasalu et al., 2007; Umitsu et al.,
2007). In particular, it has been demonstrated that fre-
quently the wave ﬂow has been able to detach and scat-
ter inland boulders of signiﬁcant size and weight (Goto et
al., 2009a, b). Notwithstanding the immense number of
data derived by the surveys performed all along the coast
hit by the IOT, the debate about the correlation of these
landforms/sediments with the extreme event responsible of
their genesis/deposit is still open. In fact, since the absence
of eyewitness, at present, no undisputable signatures allow
to discriminate between the boulders accumulated by a sea
Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.
doi:10.5047/eps.2011.11.009
storm from those accumulated by tsunami. The reply to this
scientiﬁc question was the increase of the number of papers
examining the nature of these landforms/sediments, focus-
ing their attention on the wave forces necessary to detach,
transport and deposit boulders of different size and weight
(e.g. Nott, 1997, 2003; Noormets et al., 2004; Scheffers and
Kelletat, 2005; Kelletat et al., 2006, 2007; Mastronuzzi et
al., 2006; Scheffers, 2006, 2008; Goto et al., 2007, 2010b;
Scicchitano et al., 2007; Imamura et al., 2008; Kelletat,
2008; Benner et al., 2010; Goff et al., 2010; Regnauld et
al., 2010).
The occurrence of boulders eradicated from the infralit-
toral/adlittoral zones is considered evidence of the past im-
pact of extreme waves. Starting from the presence of boul-
ders and from their size, some authors consider really possi-
ble to evaluate the features of the impacting waves. An im-
portant degree of uncertainty regards the methodology aim-
ing to the deﬁnition of the origin of the wave responsible
for their deposition. In the boulder accumulation process,
is the impacting wave height more important compared to
the wave length and to the wave period? Different theories
have been proposed in the recent time, but the ﬁnal reply is
still far away (Nott, 2003; Goto et al., 2007, 2009b, 2010b;
Hansom et al., 2008; Imamura et al., 2008; Pignatelli et al.,
2009; Barbano et al., 2010). The more easy reply is that if a
wave can be described by height, length and period, the best
way to evaluate its impact on a rocky coast should consider
these parameters all together.
The aim of this paper is to estimate the inland penetration
limit of tsunami waves responsible for boulder deposition
applying the Pignatelli et al. (2009) method. In particular,
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Fig. 1. (a) Tectonic sketch map of south-eastern Sicily. Inset shows the seismotectonic features of the Siculo-Calabrian rift zone (Monaco and Tortorici,
2000) and its location in the central Mediterranean area (line with triangles indicates the frontal thrust of the orogenic belt). (b) Geographical position
of the sites studied by Scicchitano et al. (2007, 2010) along the Ionian coast of southeastern Sicily, in the Augusta–Siracusa area (see Fig. 1(a) for
location). (c) The studied area (box) on the north-eastern corner of the Maddalena peninsula (see Fig. 1(b) for location).
Terrestrial Laser Scanner (TLS) and Differential Global Po-
sition System (DGPS) techniques were used to survey some
boulders accumulated on the Maddalena peninsula (Fig. 1),
along the south-eastern coasts of Sicily (Italy), whose ac-
cumulation has been ascribed to the impact of three differ-
ent and famous tsunamis occurred during the 1169, 1693
and 1908 seismic events (Scicchitano et al., 2007). The use
of the TLS techniques allows an accurate evaluation of the
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boulders size and weight whose accuracy is fundamental
in order to test the reliability of the known hydrodynamic
equations.
2. Geological and Geomorphological Setting
South-eastern Sicily is one of the most seismically active
areas of the central Mediterranean (Fig. 1(a)). It is char-
acterized by thick Mesozoic to Quaternary carbonate se-
quences and volcanics forming the emerged foreland of the
Siculo-Maghrebian thrust belt (Grasso and Lentini, 1982).
This area, mostly constituted by the Hyblean Plateau, is lo-
cated on the footwall of a large normal fault system which
since the Middle Pleistocene has reactivated the Malta Es-
carpment (Hirn et al., 1997; Bianca et al., 1999), a Meso-
zoic boundary separating the continental domain from the
oceanic crust of the Ionian basin (Scandone et al., 1981;
Sartori et al., 1991; Argnani and Bonazzi, 2005). Since
the Middle Pleistocene, active faulting has contributed to
continuous extensional deformation from eastern Sicily to
western Calabria (Siculo-Calabrian Rift Zone, see inset
in Fig. 1(a); Monaco and Tortorici, 2000; Jacques et al.,
2001). In eastern Sicily the SSW-NNE striking normal
faults are mostly located offshore and control the Ionian
coast from Messina to the eastern lower slope of Mt. Etna,
joining southwards to the NNW-SSE trending system of
the Malta Escarpment. This area is marked by a high
level of crustal seismicity producing earthquakes with MCS
(Mercalli-Cancani-Sieberg) intensities of up to XI–XII and
M ∼ 7, such as the 1169, 1693 and 1908 events (Postpischl,
1985; Boschi et al., 1995). Several earthquake-generated
tsunamis struck the Ionian coast of south-eastern Sicily in
historical times (AD 1169, 1329, 1693, 1818, 1908, 1990;
Tinti et al., 2004, 2007; Scicchitano et al., 2007; Smedile et
al., 2011). According to most of published geological data
and numerical modelling, the seismogenic source of these
events should be located in the Messina Straits and in the
Ionian offshore (the Malta Escarpment) between Catania
and Siracusa (Baratta, 1910; Barbano and Cosentino, 1981;
Carbone et al., 1982; Barbano, 1985; Lombardo, 1985;
Postpischl, 1985; Ghisetti, 1992; Valensise and Pantosti,
1992; Piatanesi and Tinti, 1998; Bianca et al., 1999; Azzaro
and Barbano, 2000; Monaco and Tortorici, 2000; Tinti
and Armigliato, 2003). However it is important to con-
sider that other source such as submarine landslides or vol-
canic eruption, could be responsible of the generation of
tsunamis that struck the Ionian coast of south-eastern Sicily
(Mastronuzzi, 2010).
Geomorphological evidences of extreme waves impact
are present all along the coast of south-eastern Sicily be-
tween the town of Augusta and Capo Passero (Fig. 1(a)).
Scicchitano et al. (2007) described boulder deposits re-
lated to tsunami and storm generated waves between Au-
gusta and Siracusa (Fig. 1(b)). Hydrodynamic estimations
and radiocarbon age determinations suggested that three
distinct tsunami events (1169, 1693, 1908) were responsi-
ble for the deposition of the biggest isolated boulders and
boulder ﬁelds. Along the coast of Vendicari, 40 km south
of Siracusa (Fig. 1(a)), Barbano et al. (2010) discovered
a boulder ﬁeld and isolated boulders related to different
tsunami events. Moreover, tsunami impact deposits related
to the 1693 event and other tsunami and storm deposits
were found preserved within a ria-type rocky coastal set-
ting at the bottom of the channel harbour of Ognina, 20 km
south of Siracusa (Scicchitano et al., 2010). Finally, De
Martini et al. (2010) and Smedile et al. (2011) evidenced
the occurrence of out of place coarse layers ascribed to dis-
tinct tsunami waves that invaded lagoon and marine envi-
ronments near Augusta.
The boulder deposit described in this paper has been
found near Siracusa, south-east Sicily (Fig. 1(b)), along
the north-eastern corner of the Maddalena peninsula that
bounds to the south the large natural harbour of the town.
3. Boulder Setting
The Maddalena peninsula (Fig. 1(c)) is a calcareous
semi-horst gently tilted to the ENE, formed by Miocene
limestones that along the coast are unconformably covered
by Pleistocene calcarenites. Most boulders are scattered at
a distance of up to 70 m from the coastline (Scicchitano et
al., 2007) on a large Pleistocene wave-cut platform located
5–10 m above sea level (a.s.l.), gently sloping towards the
sea and bordered by up to 5 m high cliffs. The near-shore
sea bottom topography is irregular, being characterized by
two steps at −6/−10 m and at −10/−32 m. The blocks
are mostly arranged in isolated elements (Figs. 2(a, b)) and
have also been found on a ﬂat anthropogenic platform at 1–
2 m a.s.l. inside an ancient Greek quarry located along the
coast and nowadays partially submerged (Scicchitano et al.,
2008) (Figs. 2(c, d)). Locally, small groups composed of
stacked elements occur. It’s worth to note that the boulders
are preferentially accumulated on sectors of promontories
exposed towards north-east (Fig. 1(c)), where the offshore
source areas of earthquakes are located (active faults in the
Messina Straits and at the foot of the Malta Escarpment, see
Fig. 1(a)).
The studied area is characterized by the occurrence of a
well developed berm (Fig. 3(a)) located at a distance rang-
ing between 80 m and 90 m from the coastline (Marziano,
2004). The berm is composed by coarse sand and pebbles
organized into a cross laminated stratiﬁcation lying on a
paleo-soil (Fig. 3(b)). Various shells and shell fragments
were recognized in the berm and several pottery and human
manufactory were distinguished too (Fig. 3(c)). The occur-
rence of several boulders, up to 1 ton in weight, on the berm
(Fig. 3(d)) was interpreted by Marziano (2004) as evidence
of its deposition by extreme waves.
In order to estimate the inland penetration limit of
tsunami waves responsible for boulder deposition, our study
has been focused on the three biggest boulders described in
the area by Scicchitano et al. (2007), that are B3, B4 and
B13 (Fig. 2) whose features indicate a joint bounded sce-
nario JBS. TLS and DGPS techniques were used to survey
both boulders and berm.
4. Hydrodynamic Equations
Nott (1997) proposed hydrodynamic equations in order
to evaluate the height of tsunami or of severe storm waves
able to detach and move boulders. These equations take into
account boulder dimensions (a-axis = major axis, b-axis =
medium axis, c-axis = minor axis), boulder shape and den-
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Fig. 2. (a) Boulders B3 and B4 along the coast of Maddalena peninsula. (b) Boulder B13 located inside an ancient Greek quarry. (c) Panoramic view
of the ancient Greek quarry located on the north-eastern corner of the Maddalena peninsula. (d) Aerial view of the studied area (photograph supplied
by Marine Protected Area of Plemmirio, Siracusa). The arrows indicate the analyzed boulders.
sity of rock (bulk density). Nott (2003) improved these
equations introducing the pre-transport settings and, to be
more precise, the determination of the main morphologi-
cal features of the deposited boulders: the position prior
to the tsunami impact, the size, the shape and rock den-
sity. Indeed, the reconstruction of the position prior to the
tsunami impact could be extremely important in the predic-
tion of the possible future scenarios. Three different sce-
narios were hypothesized: the ﬁrst one considers a boul-
der placed on a cliff edge (joint bounded scenario JBS);
in the second one, the boulder is taken up and placed be-
low sea level (submerged scenario SMS); in the last one,
the boulder is detached and placed inland (sub-aerial sce-
nario SAS). Many authors used Nott’s equations to deter-
mine if sea storm or tsunami were responsible for boulder
displacement (e.g. Scheffers, 2002, 2004; Mastronuzzi and
Sanso`, 2004; Mastronuzzi et al., 2007; Scicchitano et al.,
2007; Maouche et al., 2009); some of these studies have
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Fig. 3. (a) View of the berm located in the north-eastern corner of the Maddalena peninsula. (b) Natural section of the berm showing coarse sands and
pebbles lying on a paleo-soil (see Marziano, 2004). (c) Human manufactory found in the berm deposit; (d) Boulders overlying the berm deposit.
Fig. 4. 3D representation of the tsunami impact on a rocky coast. The small parallelepiped represents a boulder in joint bounded conditions. a, b, c:
main axes of the boulder. The a × c red surface is directly exposed to wave.
permit to deduce that storm and tsunami heights calculated
by Nott’s equations appear overestimated (e.g. Scheffers,
2002, 2004; Paris et al., 2009; Goto et al., 2010b; Bourgeois
and MacInnes, 2010). Moreover, starting from the study of
boulder accumulated by past tsunami impacting the Apulia
coasts (southern Italy), Pignatelli et al. (2009) introduced
new equations that optimize the Nott’s theory. According to
Pignatelli et al. (2009), boulders come from the emerged—
or immediately submerged—part of the cliff in JBS condi-
tion, drawing a scenario that is very similar to the geomor-
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phological situation described by Noormets et al. (2002,
2004); the boulder is placed still in the outcropping rock
but loose along joints at all sides. In this condition the a×c
face of the boulder—c-axis indicates the thickness—is di-
rectly exposed to wave impact (Fig. 4). The Pignatelli et al.
(2009) hydrodynamic equation is:
HT = [0.5 · c · (ρb − ρw)/ρw]/CL (1)
where HT is the tsunami height at breaking point, c axis is
the boulder height (thickness), ρb is the density of boulder,
ρw is the density of water = 1.02 g/ml; CL is the coefﬁcient
of lift = 0.178 (see Bryant, 2001). In the scenario hypothe-
sized by Pignatelli et al. (2009) it is possible to calculate the
tsunami height at the top of the cliff; the wave heights used
to simulate the tsunami ﬂooding are assessed in relation to
the boulder scattered inland. If a boulder is detached from
cliff edge (joint bounded scenario), the height of the water
column ﬂooding can be obtained from this relation:
HFL = HT − Altitude of the cliff. (2)
In fact, at the edge of the cliff, where the boulders initially
were placed, the tsunami height must be not smaller than
the minimum wave able to move the biggest boulder.
Hills and Mader (1997) provided an empirical formula
that permits to calculate the inland ﬂooding limit XFL of an
impacting tsunami:
XFL = (HFL)1.33n−2k (3)
where: HFL is tsunami height at coastline; n is Manning’s
number (see below), k = 0.06 is a constant for many
tsunamis (see Bryant, 2001). This formula provides good
estimation for coasts characterised by overland ﬂat proﬁle.
In the reality, often the coastal sectors show sloping over-
land proﬁle very complex, conditioned by the local litho-
structural features. Starting from the cited formula, consid-
ering boulder accumulated by tsunami at a distance D from
the coastline, a factor cosα—where α represents the mean
sloping—has been introduced (Pignatelli et al., 2009); this
permit to take into account the coastal overland proﬁle:
XFL = D + (HFL)1.33n−2k cosα. (4)
The Manning number is a coefﬁcient expression of the
micro-topography and sinuosity of the surface; it repre-
sents the hydraulic roughness of the terrain propriety that
causes resistance to the water ﬂow by creating a retarding
force (Chow, 1973). Various authors have estimated Man-
ning coefﬁcient for distinct terrain typology (Arcement and
Schneider, 1989) but the obtained values are often approx-
imated since their absolute value did not derive by strictly
quantitative surveys. As consequence, the use of the Hills
and Mader (1997) equation adopting distinct Manning co-
efﬁcient is not always rigorous. Moreover, an important
aspect that should not be neglected is the roughness vari-
ability over time. In fact, the Manning coefﬁcient is not
constant with time in the same place due to weed and/or ur-
ban growth (Asal, 2003). As a consequence, in a coastal
sector it is possible to obtain an evaluation of the present
roughness useful for the elaboration of a near-future sce-
nario, but that is not representative of a past tsunami impact
(i.e. Pignatelli et al., 2010).
5. Material and Methods
The assessment of the inland penetration limit of tsunami
waves using the Pignatelli et al. (2009) method implies the
possibility of accurately measuring dimension, geometry
and position of the main boulders recognised along stud-
ied coastal areas. Terrestrial Laser Scanner (TLS) tech-
niques were used to perform accurate 3D reconstruction of
the three biggest boulders located along the coastline of the
Maddalena peninsula, whose accumulations have been as-
cribed to the impact of different large tsunami (Scicchitano
et al., 2007).
Recent TLS technology is based on the reﬂectorless ac-
quisition of a point cloud of the topography using the time-
of-ﬂight distance measurement of laser pulse (Slob and
Hack, 2004). The scanner consists of a laser beam gen-
erator, a mirror rotating on its horizontal axis and forming
a 45◦ degree angle with the beam direction and a servo-
motor which makes the instrument rotate around its verti-
cal axis. This setting gives to the scanner a ﬁeld view of
360◦ × 270◦. The monochromatic and nearly parallel laser
pulse is sent out in a precisely known direction. The scanner
then records the back-scattered pulse. The time-of-ﬂight of
the signal is then converted into the distance between the
scanner and the object; these two values are used to calcu-
late Cartesian coordinates with reference to the centre of the
scanner.
On March 2009 and April 2010 measurements have been
performed on the cited boulders surveyed in the Mad-
dalena peninsula (B3, B4, B13) using a Leica Scanstation 2
(Fig. 7(a)); the measurements have been ﬁnalised to verify
the occurrence of possible movements after the impact of
the very strong storms occurred in the span of time rang-
ing from 2008 to 2010. The instrument captures up to a
maximum of 50,000 points/sec over a maximum range be-
tween 200 and 300 m, depending on the reﬂectivity of the
scanned object. A single scan representing a simple point
of view is not enough to realize an accurate 3D reconstruc-
tion of the boulders, but the TLS kit is supplied with circu-
lar/rectangular targets characterised by a very reﬂective sur-
face (Fig. 5(a)); their position can be acquired for a simple
take and distinction to the beam of the scanner. Therefore,
to obtain a complete 3D model, it is necessary to overlap
numerous scans performed from different point of views us-
ing selected targets as reference points. The TLS complete
datasets acquired were treated and analysed using the HDS
Cyclone software (Leica Geosystems, 2004). All the raw
scans were manually cleaned to remove any outliers such
as vegetation or anthropogenic features. TLS surveys gen-
erated cloud points that permitted to reconstruct a 3D model
in order to deﬁne shapes and volumes of the boulders se-
lected in the studied areas; using a reverse engineering soft-
ware, the 3D cloud points were converted to a TIN (trian-
gulated irregular network) model which consists of closed
surface. Moreover, the model showed holes and gaps due
both to scan and to surface interpolations. The ﬁll holes op-
eration closes the polygonal structures and makes the layout
continuous. The complete reconstruction of lacking parts,
also at the bottom, was supported by the using of pictures
and allowed to deﬁne a more realistic shape of the measured
boulders.
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Fig. 5. (a) The Scan Station 2 used to perform TLS survey at Maddalena Penisula; (b) Boulder B3 reconstruction obtained applying software
interpolation to TLS points cloud; (c) The boulder B3 volume calculated with reverse engineering software tool; (d) DGPS instrument operating
in ﬁeld.
Table 1. Mean parameters for the three boulders studied in the Maddalena peninsula: axis dimensions (a, b, c), Volume (V ), Density (ρb), (Weight
(W ), Distance from the coast line (D), Tsunami wave height (Ht). In bracket are reported values estimated by Scicchitano et al. (2007) for the same
boulders.
Boulder a (m) b (m) c (m) V (m3) ρb (ton/m3) Weight (ton) D (m) Ht (m)
B3 5.76–(8) 4.95–(5) 1.4–(0.7) 21.35–(28) 2.33–(2.28) 49.746–(59.64) 33–(28) 5.051–(6.82)
B4 3.951–(4.9) 3.596–(3.5) 1.088–(1) 9.368–(17.5) 2.08–(2.28) 19.480–(39.10) 33–(35) 3.174–(3.04)
B13 4.746–(5) 2.386–(3.2) 1.343–(1) 9.396–(16) 1.98–(2.28) 18.643–(36.48) 12–(18) 3.566–(2.63)
The 3D model reconstruction of the boulders allows to
gauge the a, b, c axes more accurately than their measures
obtained by classical ﬁeld survey. In particular, to assess
the mean value of each axis, several measures can be catch
over the whole boulder. Moreover, the 3D model provides
the correct volume which is essential to estimate the boulder
weight, knowing the rock density (Figs. 5(b, c); Table 1).
Finally, in order to apply the Pignatelli et al. (2009) method
for calculating the minimum wave height of tsunami or sea
storm able to move the boulders and the inland penetration
limit, it is important to know in detail the coastal topogra-
phy especially in the coastal sector where the largest boul-
ders are recognised. Highly accurate plano-altimetric sur-
veys (Fig. 5(d)) were carried out with a Differential Global
Position System (DGPS) in Real Time Kinematic (RTK)
mode. This allowed to obtain the altitude of the cliff along
the considered shoreline, the slope, the position of each
studied boulder and the inner limit of a sandy/vegetated
berm recognised along the studied area.
6. Data Analysis
We tested the Pignatelli et al. (2009) method, by apply-
ing it to the boulder ﬁeld at the Maddalena peninsula, with
the aim of calculating the max inland penetration limit of a
tsunami wave that is able to transport boulders. We selected
the three biggest boulders occurring in the area whose fea-
tures indicate an original joint bounded partially submerged
pre transport setting: for each boulder we performed accu-
rate 3D reconstruction using TLS method for measuring the
a, b, c axes. Several samples were collected from the se-
lected boulders to determinate an accurate average value
of ρb. Using the formula (1) we calculated the tsunami
height at breaking point HT for the three boulders selected
(Table 1). HT values so obtained were subsequently in-
troduced into Eqs. (2) and (3) to obtain the maximum in-
land penetration limit D of a tsunami wave that is able to
transport the analysed boulders. The D value has been es-
timated for each boulder starting from the 3D reconstruc-
tion obtained by using the TLS survey. The parameters n
896 G. SCICCHITANO et al.: TSUNAMI IMPACT, SOUTH-EASTERN SICILY, ITALY
Fig. 6. Sketch map showing the studied area divided into 14 buffer (300 × 50 m) (see Fig. 1(c) for location).
Fig. 7. 3D model reconstructions of boulder B13 (a), B4 (b) and B3 (c). (d) Elaboration of the 3D model reconstruction of boulder B13.
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Table 2. Values of height of the cliff (hc), mean slope (α) and roughness (n) for each one of the 14 buffer in which the studied area has been divided
(see Fig. 8).
Buffer number hc (m) α (◦) Manning number
1 1.5 4 0.042
2 1.8 4 0.041
3 1.7 4 0.041
4 1.8 4 0.041
5 1.7 3.8 0.042
6 1.6 2.7 0.041
7 1.8 2.6 0.041
8 1.8 2.5 0.041
9 1.5 2.4 0.041
10 1.5 2.5 0.042
11 1.75 4 0.040
12 2 5.7 0.039
13 2 6 0.039
14 2 6 0.039
Table 3. Average values of the Manning number n estimated using the methodology of Arcement and Schneider (1989).
Coastal types Manning number (n)
Lagoon, ﬂuvial plain 0.01–0.015
Mediterranean vegetation 0.016–0.025
Farm area 0.026–0.035
Discontinuous dune belts (without vegetation) 0.036–0.040
Dune belts (Altitude ≥ 3 m) 0.041–0.046
Rocky coasts (very karstifyed) 0.047–0.052
Urban area discontinuous 0.053–0.058
Urban area (with buildings very concentrated) 0.059–0.064
Mangrooves 0.065–0.069
Forests, Pinewood, etc. ≥0.07
(Manning number), hc (Altitude of the cliff) and α (emer-
gent slope of the coast) are strictly related to the surface
on which the tsunami ﬂooded the coastal area and were di-
rectly measured in ﬁeld. The selected area has been divided
into 14 buffers 300 × 50 m (Fig. 8). In Table 1 are reported
size and weight of the boulders B3, B4, B13 reconstructed
from 3D models by using TLS survey techniques (Figs. 7(a,
b, c)), distance from the coastline and tsunami wave height
required to their transport according to the Pignatelli et al.
(2009) method. Moreover, we provided a comparison with
measurements and calculations performed by using analog-
ical methods for the same boulders in our previous work
(Scicchitano et al., 2007).
Volumes calculated in the previous work appear to be
overestimated with respect to values estimated by 3D model
analyses, probably depending on having approximated the
shape of the boulders to a parallelepiped. In fact, the use
of TLS underlined that the classic method of boulder mea-
surement tends to overestimate the three main axes and, as
consequence, the weight of the boulder (see also Marsico et
al., 2009). Since the Pignatelli et al. (2009) hydrodynamic
equations are built around the c-axis value, this approxima-
tion induce an evident overestimation of the minimum wave
height able to detach and scatter inland the boulders. More-
over, in the previous works an average value of the density
(2.28 ton/m3) was considered for the boulders located in
Maddalena peninsula, but new analyses furnished different
values ranging between 1.98 ton/m3 and 2.33 ton/m3 also
(Table 1).
Unlike the previous work, where the axis dimension of
the boulders and the distance of the boulders from the coast-
line were measured in ﬁeld by an invar rod mechanical sys-
tem, in the present work, in this work we estimated the axis
dimension of the boulders by analyzing several planar sec-
tions extracted from the 3D model (Fig. 7(d)). For example,
as regards the boulder B3, in the previous work a-, b-, c-
axis we were estimated to be 8 m, 5 m, 0.7 m, respectively
(Table 1). TLS reconstruction furnished values of 5.76 m
for a-axis, 4.95 m for b-axis and 1.4 m for c-axis. Starting
from these surveyed measures and from the distance of the
boulders from the coastline, aiming at deﬁning the ﬂooding
inland limit, the applicability of the Pignatelli et al. (2009)
equation needs the knowledge of the cliff height (Hc) and of
the mean slope (α) values. The ﬁrst value was measured for
each buffer directly on ﬁeld and corrected for tide (Table 2);
the second one was calculated from a DEM (deﬁnition
1 × 1 m) of the area (Table 2). Average values of the n (the
Manning number) have been estimated from Arcement and
Schneider (1989) (Table 3). In the Maddalena peninsula,
two of the distinct coastal types described in Table 3 can
be clearly distinguished: very karstifyed rocky coasts, char-
acterized by n ranging between 0.047 and 0.052 (average
value = 0.0495), and a pebble sandy berm/soil cover whit
shaved vegetation whose n value can be considered similar
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to that of the discontinuous dune belts, characterized by n
ranging between 0.036 and 0.040 (average value = 0.038).
Considering for each buffer the surface of rocky coasts and
soil cover related to their n values, we obtained weighed
average values of roughness coefﬁcients (n) from:
n = [(Aknk) + (Adnd)]/(Ak + Ad)
with Ak rocky coast surface, nk manning number for rocky
coast (n = 0.0495), Ad berm/soil cover surface, nd man-
ning number for berm/soil cover (n = 0.038). Obtained
values have been reported in Table 2. In the following,
we apply the Pignatelli et al. (2009) equation to calcu-
late the maximum inland penetration limits for each buffer
in which the area has been divided, considering distinct
tsunami heights estimated for the biggest boulders found
in Maddalena peninsula.
7. Discussion
The 3D model reconstruction of each analyzed boulder
highlighted serious discrepancies with measures and esti-
mation performed for the same boulders by Scicchitano et
al. (2007) using an invar rod mechanical system. Previous
measurements of the a-, b- axis of the boulders (Table 1)
are overestimated up to 25% with respect to the values ob-
tained from the 3D models (see boulder B3), whereas the
c-axis results underestimated up to 50% (see boulders B3,
B13).
The analyses of 3D models allowed us not only to draw
the real shape and geometry of the boulders but also to re-
construct the microtopography of the surface of the boul-
ders. Erosion pools and features, ﬂow channels, hole and
fractures present on the blocks can be easily related to their
geometry and measured. Microtopography analyses helped
to depict the pre-transport setting of the considered boul-
ders and the scenario of their transport. In Scicchitano
et al. (2007), boulders B3, B4, B13 were all considered
into a submerged scenario, but through microtopographical
investigation we obtained further constraints that allowed
to attribute them to a joint boulders scenario although in
a partial submerged environment. Matter of debate could
be the type of transport. In a recent paper, Goff et al.
(2010) examined the physics of the boulder transport and
concluded that the suspension is unrealistic, whereas the
entrainment and/or the saltation are more probable. These
types of transport were directly surveyed by Mastronuzzi
and Sanso` (2004) for boulders moved by a four day storm—
hundred-thousand of waves—occurred in Adriatic Sea on
January 2003 or hypothesized by Hall et al. (2006, 2008)
and by Hansom et al. (2008) for the terrible storms im-
pacting on the high British cliffs facing on the North Sea.
Despite the conclusions reached by Goff et al. (2010), the
general features of the boulders, the absence of signiﬁcant
smaller fragments, the presence of a delicate and contin-
uous band of algal rim and of sparse bio-concretions, all
together seem to suggest a transport characterised by a sin-
gle movement, eluding the possibility that boulders could
have been rounded by the abrasion on the surf bench. Ex-
perimental data indicated that the maximum pressure ex-
erted by an impacting wave is concentrated at the breaking
Table 4. Tsunami wave height and storm generated wave height estimated
for the analyzed boulders at Maddalena peninsula, using the Nott (2003)
and Pignatelli et al. (2009) models.
Boulder Nott (2003) Pignatelli et al.
model (2009) model
Ht (m) Hs (m) Ht (m) Hs (m)
B3 6.82 27.28 5.051 20.204
B4 3.04 12.16 3.174 12.696
B13 2.63 10.52 3.566 14.264
wave depth (Rundgren, 1958); broken waves have less en-
ergy, directly connected to their height, period and length.
Undoubtedly, when a tsunami arrives at the coastline it is
already broken; its velocity is dramatically decreasing due
to its friction on the bottom and length and period values are
also changing. The only effective force on the cliff/sloping
coast is exerted by the water hammer effect due to the in-
creasing of the wave height since the impact on the coast
and the backwash due to its partial reﬂection (Goto et al.,
2009a). Since the lack of eyewitness, the use of morpho-
logical evidence is the only instrument to reconstruct the
event and to characterise its features. In Scicchitano et
al. (2007), boulders B4 and B13 were interpreted as trans-
ported by the same tsunami; dimension of the axis and den-
sity of the boulders were processed by using the Nott (2003)
model, estimating a minimum tsunami height and storm
generated wave height that were compared with the max-
imum storm generated wave height calculated starting from
the dataset of the offshore waves measured by the onda-
metric buoy of Catania, that is part of the RON (Rete Onda-
metrica Nazionale = national wave measurement network).
In Table 4 values of Ht and Hs calculated for the analysed
boulders both with Nott (2003) and Pignatelli et al. (2009)
methods are reported.
For the Maddalena peninsula, Scicchitano et al. (2007)
estimated a maximum storm generated wave height be-
tween 9.31 m and 9.36 m, by applying the equation of
Sunamura and Horikawa (1974) used to calculate the height
of a wave at breaking point (Hb) starting from the height and
the period of the same wave measured in deep water (Ho).
Following this method, the wave heights at breaking point
were calculated for the most severe storm generated wave
registered by the ondametric buoy of Catania since 1989
(Ho1989 = 6.2 m; Hb1989 = 9.31 m) and for the most severe
storm generated wave supposable for the area with a return
period of 50 years (HoT 50 = 6.24 m; HbT 50 = 9.36 m)
estimated by applying the Gumbel treatment to available
recorded data (Inghilesi et al., 2000) (Fig. 8). Hs values
calculated by the Nott (2003) and Pignatelli et al. (2009)
methods appear to be in any case higher than these val-
ues, conﬁrming the results proposed by Scicchitano et al.
(2007) namely, that the boulders were transported inland by
tsunami events.
Important indications come also from the analysis of
the bathymetry in front of the promontory—about −5 m—
jointly to the estimation of the bottom slope. A storm wave
reaches at breaking point its maximum height, but as soon
as it over runs the breaking point it breaks and continuously
decreases in height until it approaches the coastline. Exper-
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Fig. 8. Diagram showing the relation between wave height and return time (Gumbel’s distribution).
Table 5. Inland penetration limit calculated at Maddalena peninsula for boulders B3, B4 and B13.
Buffer hc (m) α (◦) Manning Inland penetration limit (m)
number number B3 B4 B13
1 1.5 4 0.042 217.85 101.02 101.95
2 1.8 4 0.041 204.69 87.64 88.26
3 1.7 4 0.041 211.10 92.78 93.76
4 1.8 4 0.041 203.95 (min) 87.41 87.93
5 1.7 3.8 0.042 205.82 91.00 91.33
6 1.6 2.7 0.041 216.40 97.59 98.78
7 1.8 2.6 0.041 206.38 88.18 89.01
8 1.8 2.5 0.041 206.94 88.36 89.26
9 1.5 2.4 0.041 223.67 (max) 103.16 (max) 104.78 (max)
10 1.5 2.5 0.042 216.87 10.66 101.47
11 1.75 4 0.040 217.98 93.50 95.56
12 2 5.7 0.039 204.68 81.23 (min) 82.72 (min)
13 2 6 0.039 205.13 81.36 82.90
14 2 6 0.039 205.13 81.36 82.90
210.47 (average) 91.09 (average) 92.19 (average)
imental studies demonstrated that waves break at different
distance from the coastline in function of the ratio between
impacting wave height (Hb) and the water depth (Wd); av-
erage values of 0.71–0.78 have been estimated for this ratio
(Keulegan and Patterson, 1940) in case of generic bottom.
Experimental data indicate a value of approx 0.44–0.6 for
horizontal bottom or, in case of steeper bottom, of 0.78–
1.03 (Galvin, 1972; Massel, 1997). Therefore, considering
that the bottom in front of the Maddalena peninsula is char-
acterised by a mean slope of about 5.7◦, it is necessary to
apply the ﬁrst ratio of 0.71–0.78. A storm wave of about
9.36 m has the breaking point at about 10–11 m depth, so at
about 50 m far from the coastline. Considering the break-
ing distance from the coastline, it is impossible that a sim-
ilar storm wave (never registered in this area) could occur
and be responsible for the detachment and transport of the
biggest boulder. Moreover, a normal wave like those regis-
tered by RON usually collapse at Wd 5–6 m, about 20–30 m
far from the coastline. Along this stretch its energy is inﬂu-
enced by the roughness of the sea-bottom and arrives dissi-
pated on the coastline, unable to detach from the top of the
cliff and scatter 33 m inland 50 tons heavy boulders. Using
the Pignatelli et al. (2009) formula, inland penetration lim-
its were estimated in Maddalena peninsula, for each of the
14 buffer in which the area has been divided, using B3, B4
and B13 as reference boulders (Table 5).
Boulder B3 represents the biggest boulder located in
Maddalena peninsula. Using the Pignatelli et al. (2009)
method, a minimum tsunami height of 5.051 m (Table 4)
is required to detach the boulder from the cliff top in a
JB scenario partially submerged, as evidenced by the pres-
ence of the algal rim, and transport it inland. Consider-
ing this value, the inland penetration limit has been calcu-
lated for each buffer (Table 5) resulting in a max value of
223.67 m, a minimum value of 203.95 m and an average
value of 210.47 m. Estimation for boulder B4 (Table 5)
furnished a HT value a little bit lower with respect to that
assessed for the boulder B3, reaching an height of 3.174 m,
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Fig. 9. Inland penetration limits evaluated at Maddalena peninsula using the Pignatelli et al. (2009) method (see Fig. 1(c) for location).
inland penetration limits ranging between a minimum value
of 81.23 m and a maximum value of 103.16 m with an aver-
age value of 91.09 m. For the boulder B13 (Table 5), a HT
of 3.566 m has been estimated; consequently, the minimum
inland penetration limit is about 82.72 m, the maximum
is about 104.78 m, the average value 92.19 m. Average
inland penetration limit estimated for B4 and B13 appear
to be in good agreement, suggesting that the two boulders
could have been transported during the same event. This is
conﬁrmed by radiocarbon age determination performed by
Scicchitano et al. (2007) on these boulders, yielding an age
of 465±37 age (BP) for boulder B4 and 465± 35 age (BP)
for boulder B13 (not calibrated), that allowed to refer their
accumulation to the December 28, 1908 tsunami.
As regards the inland penetration limits along the Mad-
dalena peninsula, they have been reported in Fig. 9: it is
worth to note the good correspondence between the limits
calculated for boulders B4 and B13 and the berm located
in the peninsula, from buffer 1 to buffer 10. In buffer 11
the two limits appear to stay closer to the coastline than the
berm, but it must be considered that this buffer is not prop-
erly orientated with respect to the shoreline. In buffers 12,
13 and 14 the limit of B4 and B13 is located at a distance of
about 20–30 m from the berm, since the slope is character-
ized by two steps and it is not regular as in the other buffers.
In general, we can afﬁrm that the good agreement between
the limits calculated for B4 and B13 and the berm surveyed
in the Maddalena peninsula suggests that the same event
(1908 tsunami) has been responsible for their deposition. A
different conclusion must be drawn for boulder B3; unfortu-
nately it was not possible to estimate the age of the event re-
sponsible for the deposition of this boulder, because it does
not show marine encrustation useful to perform radiocarbon
age determination. Two scenario can be considered: i) the
boulder B3 has been deposited by an event occurred before
1908; ii) the boulder has been deposited by the 1908 event.
The ﬁrst hypothesis seems more reliable considering that in
the area located between the berm and the B3 limit several
small boulder weighing up to 30 kg, totally encrusted of
marine organisms, were found. This suggests that another
more extreme event could have occurred before the depo-
sition of the berm but we did not ﬁnd indication about its
age. Another explanation for the different extension of the
inland ﬂooding calculated for B3 could be ﬁnd in the local
variability of the morphological features of the Maddalena
peninsula coastline. Boulder B3 is placed in a sector of the
peninsula where the more articulated coastline and sea bot-
tom could have caused a sensible increasing of the wave re-
sponsible for its transport. Besides, it is really very difﬁcult
to imagine a regular coastline uniformly conditioning the
wave progression, as indicate in recent papers (Mastronuzzi
et al., 2006; Goto et al., 2009a; Pignatelli et al., 2009) and
underlined by Imamura in Benner et al. (2010). Moreover,
the non-correspondence of the assessed inundation limit to
the position of the berm could be explained considering that
the micro-topography of the surf bench is not yet well rep-
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resented by scheduled Manning’s number. The area of the
boulder B3 has been considered uniform with respect to all
the remaining surface: in effect, it is locally characterised
by a “phantom” topography that cannot be recognised by
the human eyes but only by a digital survey. Most likely, the
presence of extended partially destroyed quarry and karstic
pools should increase the real Manning’s number respect to
the weighed averaged used for buffer 2 up to the value 0.05.
The need of surveys devoted to obtain the real value of this
parameter is evident as suggested by Pignatelli et al. (2010).
8. Conclusions
The Maddalena peninsula preserves the evidence of the
recent impact of the disastrous tsunami occurred on De-
cember 28, 1908. Its coastal area is characterised by the
presence of a boulder ﬁeld with blocks weighting up to 50
tons whose pre-transport scenario seems to have been the
“joint bounded”. Generally, the boulders come from the
adlittoral/infralittoral area and their deposit is associated to
those of stripping soil and of a gravel/sandy berm. A de-
tailed TLS/DGPS surveys has been performed in order to
obtain more detailed data that can describe, morphologi-
cally and topographically, the three biggest boulders and
the berm shaped by the impact of the waves. New data indi-
cate a general previous overestimation—up to the 50%—of
the dimensions, volumes and weights of the surveyed boul-
ders. Surveyed data have been computed in different steps
in order to verify the conclusions of previous works and to
improve the knowledge on the effect of the 1908 tsunami:
• the application of the most recent equations using the
size and weight parameters of three boulders for the
evaluation of the possible tsunami height responsible
for their deposition suggested that two boulders have
been moved by waves characterized by the same height
while the third one seems to have been moved by a
biggest wave;
• the digital analysis of the local emerged and sub-
merged topography compared to the available recorded
and statistical data concerning the local wave climate
allowed us to exclude the deposition of the boulders
due to the impact of normal storm generated waves;
• the use of the inundation formulas permitted to evalu-
ate the minimum inland ﬂooding of the events respon-
sible for the boulders scattering, transport and deposi-
tion: in general a good agreement has been recognised
since the value are included in a range of ±10 m, that
is a reasonable value considering the variability of the
topography and, as consequence, the differential de-
creasing of the inland running wave;
• the use of DGPS permitted to verify that these esti-
mated values correspond to the measured position of
the inland limit of the strip soil and of the pebble/sandy
berm.
• The use of TLS and DGPS sensibly improved the ac-
curacy of ﬁeld measurements allowing a better estima-
tion of the tsunami wave height and inland penetration
limit.
In the case of the Maddalena peninsula, the results ob-
tained elaborating the digitally surveyed data ﬁt reasonably
well, conﬁrming the conclusions of our previous work that
showed the evidence of the impact of the December 28,
1908 tsunami wave. However, some improvements are re-
quired in order to obtain experimental “in situ” real Man-
ning’s number that can optimise the application of the ﬂood-
ing assessment formulas.
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